Background: The pathophysiology behind psychosis in patients with Alzheimer's disease (AD) remains unknown. Recently, vascular risk factors have been recognized as important modifiers of the clinical presentation of AD. Objective: The purpose of our study is to investigate the mechanism through which vascular risk factors mediate psychosis and whether or not it involves cerebrovascular lesions. Methods: Data was provided by the National Alzheimer's Coordinating Centre. The Uniform Data Set was used to collect information on subject-reported history of vascular risk factors, clinician-reported state of cognitive performance, and presence of psychosis based on the Neuropsychiatric Inventory Questionnaire (NPI-Q). The Neuropathology Data Set was used to evaluate the presence of vascular lesions and the severity of AD pathology. Subjects with high probability of AD based on the NIA/AA Reagan criteria were included in the analysis. Results: We identified 1,459 patients with high probability of AD and corresponding NPI-Q scores. We confirmed the association between hypertension and diabetes on psychosis, specifically in delusions and the co-occurrence of delusions and hallucinations. Furthermore, the presence of white matter rarefaction based on pathological evaluation was associated with hallucinations. A history of vascular risk factors was positively associated with vascular lesions. However, vascular lesions in the presence of vascular risk factors did not increase the likelihood of psychosis. Furthermore, vascular lesions were not associated with greater cognitive or functional impairments in this group with severe AD pathology. Conclusion: Vascular risk factors and vascular lesions are independently associated with psychosis in patients with severe AD. However, vascular lesions are not the mechanism through which vascular risk factors mediate psychosis.
INTRODUCTION
Psychosis is one of the common and disruptive conditions that occurs with Alzheimer's disease (AD). It is estimated that approximately 40% of patients with AD experience psychotic symptoms during the course of their illness [1] . Psychosis refers to a range of symptoms, generally categorized into delusions and hallucinations. Common delusional symptoms in AD include delusions of persecution, abandonment, infidelity, and misidentification. Hallucination symptoms are typically visual and auditory, but visual hallucinations are more common in AD [2] . Psychosis is often accompanied by behavioral disturbances [3] [4] [5] [6] and a greater rate of cognitive decline [7] [8] [9] , causing significant distress to both the patients and their caregivers [10, 11] . However, the pathophysiology behind psychosis in AD remains largely unknown, limiting the ability to properly manage and treat patients.
Increasingly, cerebrovascular disease has been recognized as an important risk factor for the clinical manifestations of AD [12] [13] [14] [15] [16] . Several studies have shown that vascular factors significantly increase the likelihood of dementia [17] . Only recently, the role of cerebrovascular disease on psychosis in AD has been investigated. A study by Fischer and colleagues showed that vascular risk factors, but not plaque or tangle burden, are associated with psychosis in AD [18] . Other studies suggest that the presence of vascular pathology in certain regions of the brain, such as lacunar infarcts in the basal ganglia, impose a higher risk of developing delusional symptoms [19] . In the present study, we investigate the association between vascular risk factors and vascular pathology on cognitive and functional status and psychosis in patients with high probability of AD, corresponding to severe pathology. Furthermore, we examine whether or not vascular pathology is the mechanism through which vascular risk factors mediate the development of psychosis. The UDS was used to obtain demographical and clinical data. The demographic variables include age, sex, and education. The clinical variables comprise of informant-reported history of vascular risk factors, including hypertension, hypercholesterolemia, diabetes, and smoking (smoked more than 100 cigarettes in lifetime, total years smoked, and average number of packs per day). Clinician-reports for vascular risk factors were collected recently, and thus do not have corresponding neuropathology data. The duration of illness was calculated based on clinician's assessment on age at cognitive decline and age of death. The UDS was also used to collect clinicianreported scores on Mini-Mental State Examination (MMSE), Functional Activity Questionnaire (FAQ), and Global Clinical Dementia Rating (CDR). The presence and severity of psychotic symptoms (mild, moderate, severe), i.e., delusions or hallucinations in the month prior to the interview based on Neuropsychiatric Inventory Questionnaire, Quick version (NPI-Q) were also collected. The criteria for delusions on the NPI-Q are mainly persecutory delusions. The hallucinations symptoms include both visual and auditory hallucinations.
MATERIALS AND METHODS

Data source and subject criteria
The NP was used to evaluate the severity of AD pathology, based on the density of neocortical neuritic plaque (CERAD score) and the Braak Stage for neurofibrillary degeneration. The NP was also used to collect data on the presence of vascular pathology, including microinfarcts (old microinfarcts not observed grossly), lacunae (small artery infarcts and/or hemorrhages less than 1 cm), cerebral amyloid angiopathy (CAA), arteriosclerosis, and white matter rarefaction (subcortical arteriosclerotic leukoencephalopathy). The severity of white matter rarefaction (none, mild, moderate, or severe), which was recorded beginning in January 2014, was further categorized into minor (if none or mild) or major (if moderate or severe) severity of white matter rarefaction. Lewy body pathology was categorized as absent (if no Lewy bodies were found) or present (if Lewy bodies were observed in the brainstem, limbic region or amygdala, neocortical, olfactory bulb, or regions unspecified) as determined by alphasynuclein immunohistochemistry.
Patients with other primary etiological diagnosis, including brain injury, CNS neoplasm, Down's syndrome, and Huntington's disease on the UDS were excluded from the analysis. Subjects with high probability of AD based on the NIA/AA Reagan criteria, with CERAD score of 'frequent neuritic plaque' and Braak stage of V or VI were included (thus corresponding to severe AD pathology) [20] .
Any positive score for delusions or hallucinations at any visit during the course of a patient's illness was considered positive for psychosis. Patients were categorized into never psychotic (AD-P), psychotic (AD+P), delusions only (AD+D), hallucinations only (AD+H), or co-occurrence of delusions and hallucinations (AD+DH).
Statistical analysis
All the statistical analyses were done using the statistical software SPSS Statistics 23.0. Each of the categories of psychosis, AD+P, AD+D, AD+H, and AD+DH were independently analyzed against the AD-P group. The χ 2 test was used to analyze categorical data. The independent samples t-test was used for continuous data with normal distribution. The Mann-Whitney test was used for continuous data if Kolmogorov-Smirnov test of normality was statistically significant. The ordinal regression analysis was used for ordinal data. ANCOVA was used when accounting for variance in the demographic or clinical characteristics between the diagnostic groups. No correction was applied for multiple testing. Statistical significance was assessed using ␣ = 0.05.
RESULTS
The previous study by Fischer and colleagues using the NACC database collected between September 2005 and May 2012 identified 664 patients with high probability of AD using the NIA/AA Reagan criteria [18] . In our study, we identified 1459 patients with high probability of AD, which includes overlapping patients from the previous study. Within this group, we identified 734 AD-P, 326 AD+D, 170 AD+H, and 229 AD+DH.
Demographic and clinical characteristics
Subjects in the AD+P and AD+H were significantly younger at age of clinical visit compared to the AD-P counterparts. Subjects in the AD+H group were also younger at age at death. The age of onset of cognitive decline based on clinician's assessment was not statistically different between the diagnostic groups. The duration of illness was shorter in the AD+H group compared to the AD-P group. The interval between last clinical visit and death was significantly shorter in all categories of psychosis compared to the AD-P counterparts. The average interval between last clinical visit and death were under two years in all of the diagnostic categories. There were no statistical differences between psychotic status and sex (Table 1) .
Vascular pathologies, Lewy bodies, and cognitive and functional status
Within our criteria of high probability of AD, there were no significant associations between vascular pathologies and cognitive or functional status, based on the MMSE, FAQ, and global CDR scores. The presence of Lewy body pathology was associated with lower MMSE scores, and higher FAQ scores, corresponding to greater cognitive and functional impairments ( Table 2) .
Vascular risk factors and vascular pathology
A history of vascular risk factors was positively associated with certain vascular pathologies. Patients Table 1 The demographic and clinical distribution of subjects within each diagnostic categories (AD-P Never psychotic; AD+P Psychotic; AD+D Delusions only; AD+H Hallucinations only; AD+DH Co-occurrence of delusions and hallucinations). Each of the psychotic categories were independently analyzed against the non-psychotic group (AD-P) with a history of hypertension were significantly more likely to have microinfarcts, lacunae, and white matter rarefaction on pathological examination. Patients with a history of hypercholesterolemia or diabetes were more likely to have lacunae. A history of smoking was significantly associated with presence of white matter rarefaction. Lewy body pathology was negatively associated with hypertension, and was not associated with other vascular risk factors analyzed in this study (Table 3) .
Association of vascular risk factors, vascular pathologies, and Lewy bodies with psychosis
In accordance with the previous study by Fischer and colleagues, we found a significant association between presence of psychosis and hypertension or diabetes [18] . This association was specific to patients with delusions and co-occurrence of delusions and hallucinations (Table 4) . We did not find any associations between the presence of microinfarcts, lacunae, CAA, and arteriosclerosis and psychosis. However, a significant association was found between white matter rarefaction and psychosis, specifically AD+H. The presence of Lewy body pathology was positively associated with the AD+P, AD+H, and AD+DH group compared to AD-P (Table 4) .
Vascular pathology as mediator
Given that vascular risk factors and vascular pathologies are linked, and independently associated with psychosis, we then investigated whether vascular pathologies are the mediators through which vascular risk factors affect psychosis. However, in patients with a history of vascular risk factors, vascular pathologies, including white matter rarefaction, were not more common in any of the subgroups of psychosis compared to the AD-P group (Table 5) . Lewy body pathology was not analyzed as a mediator because their only association with a vascular risk factor (hypertension) is negative. However, since Lewy bodies are positively associated with psychosis, their presence was used as a covariate in the analysis.
DISCUSSION
Several longitudinal studies in the elderly population have suggested that cerebrovascular disease is associated with increased likelihood of dementia [21] [22] [23] [24] [25] [26] [27] . However, an evidence-based review by Chui and colleagues show that there are no associations between vascular risk factors and AD pathology [28] . Studies with neuropathological confirmation have reported that the association between vascular pathology and dementia was observed only in patients with low to moderate, but not severe AD pathology [29, 30] . Consistent with these findings, the present study shows that vascular pathologies do not affect cognitive or functional performance in subjects with high severity of AD pathology.
Importantly, our study confirms the finding that vascular risk factors are associated with increased risk of psychosis, specifically delusions [18] . However, the mechanism through which vascular risk factors affect the onset of psychosis remains unknown. In our study, we examined the role of vascular pathology as an intermediate mechanism through which vascular risk factors affect the onset of psychosis. We confirmed that risk factors are positively associated with vascular pathology, including microinfarcts, lacunae, and white matter rarefaction. Only one type of Table 3 The distribution of vascular risk factors, vascular pathologies, and Lewy bodies in subjects with severe Alzheimer's disease pathology vascular pathology, specifically presence of white matter rarefaction, was related to a form of psychosis, hallucinations. Furthermore, vascular pathology in the presence of vascular risk factors did not increase the likelihood of psychosis, indicating that the contributions of hypertension or diabetes to the development of psychosis are mediated by mechanisms other than vascular lesions. Alternatively, the location, rather than the presence of vascular lesions, would be the critical factor, but this is not the case when the effects of vascular lesions on cognitive performance in subjects with moderate AD load are considered [29, 30] . Previous studies on white matter hyperintensities on psychosis have produced mixed results. Many studies show no correlation between periventricular and white matter hyperintensities Table 5 The distribution of vascular lesions and psychosis each diagnostic categories of psychosis in presence of vascular risk factors in subjects with high probability of AD. (AD-P Never psychotic; AD+P Psychotic; AD+D Delusions only; AD+H Hallucinations only; AD+DH Cooccurrence of delusions and hallucinations). Each of the psychotic categories were independently analyzed against the non-psychotic group (AD-P) and psychosis [31] [32] [33] . Other studies indicate that regional white matter hyperintensities affect development of delusional symptoms [34, 35] . However, these findings on white matter hyperintensities are derived from imaging studies. The results from our study based on neuropathological data suggest that white matter rarefaction increases the likelihood of psychosis, specifically hallucinations.
There are some limitations to the present study. One of the limitations of the study is that multiple univariate tests were employed in the statistical analysis, which may inflate the rate of type I error. We, as others before us, have not corrected for multiple testing in this exploratory stage [36, 37] . Another limitation is the time gap between last clinical visit and the time of death. The average time interval between last clinical visit and death in years was within two years, but the progression of the illness possibly varied among the subject population.
Furthermore, vascular risk factors analyzed in this study are subject or caregiver reported historical data, and whether the condition is still active or has been treated is not available. The NACC database started to implement clinician-reported measures since 2015, which would provide a numerical evaluation for accessing vascular risk factors at time of the visit. With respect to our analysis on cognitive performance, the results may be reflective of a floor effect given that patients with severe AD have limited functional and cognitive capacity. The choice of high AD pathology load is inseparable from high probability that the dementia is due to AD, the rationale for our choice of inclusion criterion. The presentation of psychosis collected on the NPI-Q also introduces some limitations. First of all, NPI-Q records presentation of psychosis during the last month prior to clinical visit, and does not take into account the trajectory of psychotic symptoms over time. Secondly, the criteria for delusions on NPI-Q are persecutory delusions. Therefore, the association between vascular risk factors and other types of delusions in AD remains to be further investigated.
In summary, we demonstrate the importance of cerebrovascular disease in the clinical manifestation of psychosis, but not in cognitive performance in subjects with severe AD pathology. However, the mechanism through which vascular risk factors affects psychosis is not mediated through just the presence of vascular pathology. It is possible that vascular risk factors and vascular lesions trigger widespread alterations in the brain, which in the presence of moderate AD load results in cognitive impairment, but in the presence of severe AD results in psychosis. Prospective studies investigating the trajectories of vascular pathology and clinical manifestation AD will help to better understand the pathophysiology of AD.
